Pregnant goats were inoculated intravenously or in uterine arteries with Brucella abortus, and tissues from the uterus and placenta were examined by electron microscopy. Identification of B. abortus in placentae was with antibody-coated colloidal gold. B. abortus was first seen in phagosomes of erythrophagocytic trophoblasts and in the rough endoplasmic reticulum of chorioallantoic trophoblasts. Subsequently, trophoblast necrosis and ulceration of chorioallantoic membranes were present. Coincidently, B. abortus was present in the lumen of placental capillaries. In late stages of infection, placental vasculitis was present, and placentomal trophoblasts were separated from maternal syncytial epithelium. In lesions with vasculitis, large numbers of B. abortus were in connective tissue of chorionic villi. Within the placentome, trophoblasts that lined chorionic villi contained no intracellular bacteria and were separated from B. abortus by intact basement membranes. These results suggest that bacteremic B. abortus is endocytosed by erythrophagocytic trophoblasts and that B. abortus replicates in the rough endoplasmic reticulum of chorioallantoic trophoblasts. Replication of brucellae in trophoblastic rough endoplasmic reticulum is unique; we believe that B. abortus may utilize endoplasmic reticulum for synthesis and glycosylation of bacterial membrane proteins or that B. abortus catabolizes trophoblast secretory proteins.
Brucellosis in pregnant ruminants is characterized by placentitis, intracellular replication of Brucella abortus in trophoblasts, large numbers of B. abortus in placental tissues, fetal death, and abortion.1,20,27-29, 34, 40 Preferential localization (tropism) of B. abortus in bovine chorioallantoic trophoblasts was first reported in 19 1 940 and later described in cattle, 34 and goats.3 Gross and histologic lesions of brucellar placentitis are well d e s~r i b e d .~~,~~-*~,~~ Localization of bacteria in chorioallantoic trophoblasts is important in the pathogenesis of many reproductive diseases of ruminants. For example, Coxiella burnetti and Chlamydia psittaci fill chorioallantoic trophoblasts of aborted placentae in sheep and goats.2o Listeria monocytogene~,~~ Brucella melitensis,28 Brucella O V~S ,~~ and Campylobacter fetus var. inte~tinalis'~ initially infect placentomal chorioallantoic trophoblasts. In addition, Campylobacter fetus var. venerealis infects chorioallantoic trophoblasts of the cow.20 Mechanisms of placental infection and trophoblast tropism in these diseases are poorly understood.
B. abortus is tropic for both caprine and bovine placentae and placentae of both species have similar responses to infection by this bacteri~m.~ We have used the caprine placenta to characterize the ultrastructural lesions in brucellar placentitis and to elucidate some of the mechanisms of placental infection. We were particularly interested in how B. abortus enters pla-centae and how trophoblasts facilitate placental localization and B. abortus replication.
Materials and Methods
Twenty 2to 3-year-old pregnant crossbred goats in their last trimester of gestation were given various doses of B. abortus (strain 2308, supplied by Dr. B. Deyoe, National Animal Disease Center, Ames, IA) in jugular veins or surgically in middle uterine arteries as previously de~cribed.~ Four pregnant goats were not inoculated and served as controls. All goats were considered B. abortus-free based on herd history and negative serologic titers to B. abortus (card and tube agglutination test).
Goats were necropsied from 2 to 23 days post-inoculation.
Gravid uteri of anesthetized and heparinized goats were surgically-exposed for perfusion fixation of placentae. Goats were overdosed with a barbiturate and placentomes were fixed for electron microscopy by perfusion of 1.25% glutaraldehyde and 1 .O% paraformaldehyde in 0.1 M cacodylate buffer into the middle uterine arteries for 5 to 10 minutes. Samples of fixed placentome and chorioallantoic membrane were collected from perfused uteri and minced into 1 mm3 blocks for immersion fixation in the glutaraldehyde-paraformaldehyde mixture at 4 C. After 2 hours of fixation tissue samples were rinsed in cacodylate buffer, post-fixed in 1 O/o osmium tetroxide, dehydrated in alcohols, cleared in propylene oxide, and embedded in epoxy resin. All sections of placenta were cut at 1 km, stained with toluidine blue, and examined by light microscopy. Ultrathin sections of appropriate areas were cut, stained with uranyl Table 1 .
Immunogold labeling of B. abortus was performed on thin sections of resin-embedded placental tissue mounted on nickel grids using post-embedding gold labeling techniques as described by B e n d a~a n .~
The immunogold probe consisted of primary anti-B. abortus antibody coupled to 20 nm colloidal gold. Colloidal gold was prepared by reduction of aqueous tetrachloroauric acid with ascorbic acid3' and coupled directly to bovine anti-B. abortus IgG (supplied by Judith M.
Patterson, National Animal Disease Center, Ames, IA).10,15 Placental sections were overlaid with non-antibody-coated colloidal gold solutions to assess non-specific binding of the immunogold. Resin-embedded sections of other bacteria such as Salmonella choleraesuis, Escherichia coli, Pseudomonas aeruginosa, and Klebsiella ozaenae were used as controls to ensure specificity of the immunogold.
Clinical signs and gross and histologic placental lesions present in these goats have been previously reported.'
Results
Placentitis was present in 18 of the 20 inoculated goats. Abortion occurred in six of the 20 goats from 1 1 to 18 days post-inoculation. Tissue changes of uterine artery-inoculated goats are described in time sequences; lesions in the goats inoculated intravenously were identical but occurred at later times.
At 5 days post-inoculation chorioallantoic tropho-blasts contained numerous B. abortus within dilated cisternae of the rough endoplasmic reticulum and perinuclear envelope (Figs. 1-3). Ribosomes lined the cytoplasmic side of both the normal and B. abortus-containing rough endoplasmic reticulum. Cisternae contained cross-sections of one or more bacteria and dividing bacteria. At first, only periplacentomal chorioallantoic trophoblasts were infected. By 12 days postinoculation, most interplacentomal chorioallantoic trophoblasts were also infected. In infected trophoblasts, overt evidence of cell degeneration (cell swelling, proteolysis, and vacuolation) was minimal to absent. When chorioallantoic epithelium was intact, no lesions were seen in basement membranes, fetal capillaries, or subepithelial mesenchymal tissue.
At 8 days post-inoculation necrosis of trophoblasts, ulcers of the chorioallantoic membrane and subepithelial inflammation were present ( Fig. 4) . Exudate overlying ulcerated membranes contained cell debris, fibrin, necrotic B. abortus-filled trophoblasts, and free brucellae. When chorioallantoic membranes were ulcerated, subepithelial and placentomal capillaries contained intraluminal B. abortus (Fig. 5 ).
Chorioallantoic ulceration was the predominant lesion in four goats which were killed while aborting or after abortion on post-inoculation days 12, 14, 18, and 19. However, areas of B. abortus-filled trophoblasts covering non-ulcerated membranes were present in all aborted placentae. B. abortus in trophoblasts was always within the rough endoplasmic reticulum.
At 5 days post-inoculation, large numbers of B. abortus were present in placentomal hematomas at the tips of maternal septa, on microvillous surfaces of erythrophagocytic trophoblasts, and in phagosomes of erythrophagocytic trophoblasts with maternal erythrocytes ( Figs. 6 , 7) . B. abortus-filled erythrophagocytic trophoblasts at the edges of placentomes were continuous with B. abortus-filled chorioallantoic trophoblasts. Infection of erythrophagocytic trophoblasts was present concurrently with chorioallantoic trophoblast infection, however, before B. abortus was present in connective tissue of chorionic villi.
At 8 days post-inoculation, endothelium of maternal and fetal capillaries in placentomes was swollen, and neutrophils had infiltrated into maternal septa (Fig. 8 ). Bacteria were present in capillary lumens and in perivascular connective tissue of chorionic villi. The microvilli of fetal and maternal epithelium were still intact and in close apposition; however, swollen mitochondria and cisternal dilatation were present in maternal syncytial cells (Fig. 8) . Erythrophagocytic trophoblasts were necrotic and numerous B. abortus and neutrophils were in placentomal hematomas. Ex- At 1 2 days post-inoculation, severe vasculitis and separation of maternal from fetal epithelium at the microvillous border were present . In lesions with vasculitis, numerous B. abortus were in connective tissue of chorionic villi (Figs. 10-14) . B. abortus was not present in placentomal trophoblasts or maternal syncytial cells. Capillaries of maternal septa and fetal chorionic villi contained swollen endothelium, intraluminal and perivascular leucocytes, platelets, fibrin, and brucellae (Figs. 9, 10) . Basement membranes of capillaries in chorionic villi were separated from endothelium by fibrin deposits, neutrophils, and platelets (Fig. 10) .
Six goats were aborting on or had aborted by postinoculation days 1 1,12,14,15, and 18. Placentae from four of these goats were examined by electron microscopy. Vasculitis, separation of maternal from fetal epithelium, and B. abortus-filled chorionic villi were present in placentomes from these placentae. Cisternal dilatation, swollen mitochondria with fragmented cristae, and cytoplasmic clearing were present in both maternal syncytial cells and placentomal trophoblasts (Figs. 9, (12) (13) (14) . Placentomal trophoblasts were separated from maternal syncytial epithelium at the microvillous border. Microvesicles bulged from degenerate microvilli (Fig. 13 ). Syncytial epithelium was necrotic and detached from maternal septa (Fig. 9 ). Endothelium lining capillaries in chorionic villi was necrotic or absent and capillary lumens contained cell c basement membrane of subepithelial capillaries (CBM) remains. Capillary lumens (CL) contain B. abortus, platelets, fibrin, and necrotic endothelium. Bar = 7 pm. largest bacterial cross-sectional length was 1.5 pm. Immunogold particles attached to outer membranes and occasionally overlaid bacterial cytoplasm. No gold labeling with the anti-B. abortus immunogold was present on the other selected Gram-negative bacteria. No gold labeling of B. abortus was present in placental sections overlaid with non-antibody-coated colloidal gold.
Discussion
This study indicates that during bacteremia Brucella abortus first enters and replicates within erythrophagocytic trophoblasts (Fig. 15 ). We believe that B. abortus next replicates in the rough endoplasmic reticulum of chorioallantoic trophoblasts. Chorionic villi and fetal viscera are infected hematogenously after trophoblast necrosis and ulceration of chorioallantoic membranes have occurred. It is likely that B. abortus present in placentomal chorionic villi caused vasculitis and separation of trophoblasts from maternal syncytial epithelium.
Epithelial cell penetration and intracellular replication have been reported for many bacterial pathogens and are referred to as the "epithelial phase" of intracellular bacterial p a r a~i t i s m .~~ Intracellular replication has been reported primarily for bacteria which enter and replicate in intestinal epithelium. For example, Listeria monocytogene~,~~ Chlamydia psittaci," Shigella flexneri,13 and Shigella d y~e n t e r i a e '~-~~,~~ cause disease only after entering intestinal epithelium, replicating intracellularly, and causing enterocyte degeneration. In addition, Coxiella burnetti, Chlamydia psit-taci20 Listeria mono~ytogenes,~~ Brucella melitensis,28 Brucella ovis,27 Campylobacter fetus var. intestinalis,19 and Campylobacter fetus var. venerealis20 also infect and likely replicate in ruminant chorioallantoic trophoblasts. The contribution of enterocytes or trophoblasts to replication of bacteria is unknown.
Erythrophagocytic trophoblasts of small ruminants phagocytose maternal erythrocytes which leak from tips of maternal septa.5 Maternal hemoglobin likely serves as a significant source of iron for the developing fetus. Although it is probable that B. abortus was passively phagocytosed by trophoblasts with maternal erythrocytes, we could not rule out active entry of the trophoblast by brucellae. Infection of erythrophagocytic trophoblasts allowed spread of B. abortus to adjacent periplacentomal chorioallantoic trophoblasts. This may account for the predominant periplacento-ma1 chorioallantoic exudate present in early lesions of b r u~e l l o~i~.~~~~~-~~ This method of placental entry requires evaluation in cattle. The bovine placentome contains hematomas at the tips of maternal septae in late gestation; however, a distinct erythrophagocytic Fig. 13 . Placentome pictured in Fig. 12. B. abortus (Brarrows) in fetal connective tissue beneath placentomal trophoblast (PT). Separation of trophoblast from maternal syncytium (MS) at microvillous border (large arrows). Mitochondria (M). Bar = 1 wm. area, as present in sheep and goats, has not been de-Chorionic trophoblasts could be infected by cell-tocell lateral transfer of bacteria from infected trophoblasts or by rupture of infected trophoblasts, spewing of bacteria into the uterine lumen, and endocytosis of luminal bacteria by adjacent trophoblasts. Chorioallantoic trophoblastic epithelium is adjacent to and continuous with erythrophagocytic trophoblastic epithelium and thus both mechanisms were plausible in our study. Our observations suggest that cell-to-cell lateral transfer is possible as large numbers of B. abortus often were within chorioallantoic trophoblasts without bacteria in the uterine lumen or on the trophoblast surface. Cell-to-cell transfer through the lateral plasmalemma has been demonstrated for Shigella f l e x r~e r i~~ and has been suggested for Listeria mono~ytogenes~~ and Escherichia ~o l i .~' However, in support ofthe second mechanism, trophoblasts are endocytic9 and ample opportunity for endocytosis of luminal B. abortus by trophoblasts exists. Large numbers of B. abortus would be released into the uterine lumen when necrotic trophoblasts rupture. As with enterocyte infection by Chlamydia psittaci,I2 trophoblasts may be infected by Endothelial damage and desquamation, platelet aggregation, neutrophil infiltration, and fibrin deposition occur in vascular lesions associated with enterobacterial e n d o t o~i n . ' J~,~~,~~ The endotoxin of B. abortus shares many biological properties with enterobacterial endotoxin, including complement-activation, mouse lethality, and abortifacient proper tie^.^^ Either the ischemia which accompanies vasculitis, or a direct effect of endotoxin may be responsible for degeneration in placentomal trophoblasts and maternal syncytial epithelium. The exact mechanism of abortion was not clear in our study; however, maternal and placental vasculitis was prominent and we believe that it contributed greatly to placentomal lesions, separation of maternal from fetal epithelium, fetal death, and abortion.
